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ABSTRACT
The physical characteristics of dust formed in supernovae is poorly known. In this paper, we investigate the extinction properties
of dust formed in the type IIn SN 2005ip. The observed light curves of SN 2005ip all exhibit a sudden drop around 50 days after
discovery. This has been attributed to dust formation in the dense circumstellar medium. We modeled the intrinsic light curves in six
optical bands, adopting a theoretical model for the luminosity evolution of supernovae interacting with their circumstellar material.
From the difference between the observed and intrinsic light curves, we calculated extinction curves as a function of time. The total-
to-selective extinction ratio, RV , was determined from the extinction in the B and V bands. The resulting extinction, AV , increases
monotonically up to about 1 mag, 150 days after discovery. The inferred RV value also increases slightly with time, but appears
constant in the range 4.5–8, beyond 100 days after discovery. The analysis confirms that dust is likely formed in SN 2005ip, starting
about two months after explosion. The high value of RV , that is, gray dust, suggests dust properties different from of the Milky Way.
While this result hinges on the assumed theoretical intrinsic light curve evolution, it is encouraging that the fitted light curves are as
expected for standard ejecta and circumstellar medium density structures.
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1. Introduction
How do the properties of dust formed in supernovae (SNe) com-
pare to those observed in the interstellar medium (ISM) of galax-
ies? The total-to-selective extinction ratio, RV , is an empirical
indicator of the dependency of the extinction upon wavelength
along the line of sight to a reddened object; higher values of
RV result in a more gray (flat) extinction curve. The ratio RV
is known to depend on the sizes, shapes, and composition of
the dust grains. The average value of RV is around 3 in Local
Group galaxies; the Milky Way (MW), and the Large and Small
Magellanic Clouds have average RV values of 3.1, 3.41, and 2.7,
respectively (Gordon et al. 2003). In dense Galactic molecular
clouds, higher values of RV ∼ 4–6 (Cardelli et al. 1989; Tielens
2005) are observed. Recently, RV = 4.5 ± 0.2 was measured in
30 Doradus, indicating a gray component in the extinction law,
attributed to a larger percentage of large grains (De Marchi et al.
2016).
Core-collapse SNe originate from massive stars with masses
more than 8 − 10M (Heger et al. 2003; Colgate & White 1966;
Ibeling & Heger 2013), and are divided into various classes,
based on their spectral and photometric properties (e.g., Filip-
penko 1997). Type IIn SNe are characterized by emission lines
composed of a narrow velocity component on top of an interme-
diate or broad velocity width component. The narrow emission
originates from the slow moving circumstellar medium (CSM)
(Schlegel 1990), which is material shed by the progenitor via
mass loss in the later stages of the life of a star (e.g., Fox et al.
2010; Gall et al. 2011; Smith 2016). The peak brightnesses of
type IIn SNe span a wide range (4–5 mag; Stritzinger et al.
2012). The observed light curves are determined by the mor-
phology of the CSM and by the progenitor star (van Marle et al.
2010). For example, the shape of the light curves of type IIn SNe
depend on the initial radius of the star, the ejecta mass and the
explosion energy of the SNe, and the density structures of the
ejecta and CSM (van Marle et al. 2010; Moriya et al. 2013; Tad-
dia et al. 2015). The range of potential progenitors is large and
may include any star with a significant pre-SN eruption, for ex-
ample, red supergiants or luminous blue variables (LBVs) (Gall
et al. 2011; Stritzinger et al. 2012; Van Dyk 2013).
Lucy et al. (1991) noted a shallow optical extinction curve
inferred from the light curves of SN 1987A. More recently, Gall
et al. (2014) examined the formation of dust in the luminous type
IIn SN 2010jl (Newton & Puckett 2010) and found RV ≈ 6.4.
While this was inferred from significant attenuation of the red
wings and corresponding blueshifts of the centroids of the hydro-
gen emission lines, no broadband color changes were detected in
the light curves.
SN 2005ip was discovered on 2005 November 5.2 UT in the
Scd galaxy NGC 2906 (Boles et al. 2005; Stritzinger et al. 2012).
The measured redshift of the host galaxy is 0.00714, correspond-
ing to a luminosity distance of about 30 Mpc (de Vaucouleurs
et al. 1991; Smith et al. 2009). SN 2005ip exhibits clear evi-
dence of narrow line emission arising from the CSM and is thus
classified as a type IIn SN (Smith et al. 2009). The exact date of
the SN explosion is unknown, but is suggested to be 8–10 days
prior to discovery (Smith et al. 2009). The progenitor is believed
to be a star with dense CSM. There are two suggestions for a
progenitor star of SN 2005ip. One is an extreme red supergiant,
as suggested by Smith et al. (2009), because the inferred clumpy
medium in the CSM is similar to small scale clumps found in
the red hypergiant star VY Canis Majoris. The other suggestion
is an LBV star owing to a high mass-loss rate, which is similar to
what has been observed in other LBVs (Fox et al. 2010; Katsuda
et al. 2014).
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There is evidence pointing to dust forming in a cool dense
shell (CDS) behind the forward shock passing through the dense
CSM as early as 50–100 days past explosion in some SNe, such
as SN 1998S, SN 2006jd, or SN 2010jl (Pozzo et al. 2004;
Stritzinger et al. 2012; Gall et al. 2014). Indeed, SN 2005ip
shows signs of such early dust formation, as inferred from the
attenuation of the red wing of the Hα line and the observed drop
in the light curves of the optical bands (Stritzinger et al. 2012).
Here we determine the extinction properties, notably RV ,
for the dust formed early in SN 2005ip. We examine its well-
sampled light curves (Stritzinger et al. 2012) and model the in-
trinsic light curves in section 2. From the theoretical and ob-
served light curves we can determine the extinction curve that
allows the determination of RV . In section 3 we discuss the pos-
sible origins of a shallow extinction curve.
2. Light curves and extinction measurement
2.1. Data
The data we use here consist of optical broadband photometry
of SN 2005ip from the Carnegie Supernova Project (Stritzinger
et al. 2012; Hamuy et al. 2006). Photometry in the near-infrared
bands is not useful for our purposes because it is affected by
hot dust emission. As is evident from Fig. 1, a clear drop in the
light curves is observed in all six bands at around 50 days past
discovery, which is ascribed to dust formation in the SN, for e,
by Stritzinger et al. (2012). Throughout this paper the time after
the day of discovery is written as t = +x days.
2.2. Intrinsic light curves
We fit a theoretical model for the intrinsic light curve to the ob-
served light curves of SN 2005ip between +23 and +47 days,
i.e., before dust formation sets in; see Fig. 1. It is then assumed
that the model intrinsic light curves are valid beyond +47 days.
The intrinsic light curves are parametrized according to
the theoretical model for the light curves of CSM interaction-
powered SNe of Moriya et al. (2013). Specifically, for an ejecta
density ρejecta ∝ r−n (e.g., Matzner & McKee 1999) and a CSM
density ρCSM ∝ r−s, Moriya et al. (2013) found that the bolomet-
ric luminosity decays as a power law as a function of time since
explosion t′,
mλ,intrinsic(t′) = mλ,intrinsic(1 day) − 2.5α log(t′), (1)
where we adopt t′ = t − 9 days (Smith et al. 2009), and
α =
6s − 15 + 2n − ns
n − s . (2)
For example, for a red supergiant progenitor with n ≈ 12 and a
steady wind CSM density structure (s = 2), α = −0.3.
Following Moriya et al. (2013), we leave α as a free param-
eter, and fit Equation (1) to the six individual light curves. We
choose the temporal fitting range to be +23 to +47 days to be in
the range of validity of the model (i.e., well past peak), and to
avoid being affected by the effects of dust attenuation. Moriya
et al. (2013) considered their model valid up to at least +200
days while Smith et al. (2009) noted a remarkable flattening of
the light curve beyond +160 days. To be conservative, we here
assume that the extrapolated model fits are valid up to +150 days.
One thousand synthetic datasets were created in a 3σ Gaussian
distribution around the original dataset, using a bootstrap Monte
Carlo method (Press et al. 2001). The best fits shown in Fig. 1 are
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Fig. 1. Optical light curves for the type IIn SN 2005ip. The connected
colored filled circles represent the observational data (Stritzinger et al.
2012). The light curves exhibit a marked decrease after about +50 days,
which is an indication of early dust formation. The gray curves represent
fits of a theoretical model (Equation 1) to the light curves between +23
and +47 days. The fitting range is highlighted. The model intrinsic light
curves are all clearly brighter than the observed light curves from +50
days and onward.
seen to overshoot the observed light curves beyond +50 days. We
verified that our results do not depend sensitively on the adopted
time of explosion or the fitting range.
The fits to the individual light curves yield values of α rang-
ing from −0.77 to −0.41. As shown in Fig. 2 the best-fit values
of α are wavelength dependent, where −α increases with wave-
length. This suggests some color evolution of the SN light, where
the SN becomes slightly bluer with time, before the conspicu-
ous onset of dust formation at around +50 days, consistent with
what was found by, for example, Taddia et al. (2013). Within
the uncertainties, however, the majority of the light curves are
consistent with a value of around α = −0.5 ± 0.1. For example,
α = −0.49 would correspond to, for example, (n, s) = (12,2.3),
which is broadly consistent with a red supergiant progenitor.
2.3. Extinction curves
The extinction as a function of time for each photometric band
is defined as the difference between the observed light curve and
the model intrinsic light curve, as
Aλ(t) = mλ,observed(t) − mλ,intrinsic(t). (3)
To minimize the effects of the apparent bumps in the light curves
we smoothed the extinction versus time curves by fitting fifth
order polynomials.
The resulting extinction curves are shown in Fig. 2 at dif-
ferent epochs. The extinction increases with time, maintaining
Article number, page 2 of 5
Ann-Sofie Bak Nielsen et al.: Early gray dust formation in the type IIn SN 2005ip
a fairly constant shape of the extinction curve as a function of
inverse wavelength. There are conspicuous dips in the extinction
curves in photometric bands containing the strong emission lines
Hα (r band) or Hβ (g band).
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Fig. 2. Lower panel: Inferred values of α as a function of inverse wave-
length. The value of α appears to depend slightly on wavelength. An
indicative value of α = −0.49 is shown as a red horizontal line. Upper
panel: Inferred extinction curves at different times. The optical bands
used in the study are indicated. The g band is affected by Hβ emission
and the r band is affected by Hα emission. The extinction is seen to
increase with time and the extinction curves are fairly flat, suggesting
gray extinction.
The total-to-selective extinction is given by the extinction in
a specific band and the color excess between two photometric
bands (Tielens 2005),
RV =
AV
E(B − V) , (4)
where E(B − V) is the color excess between the B and V bands,
AV is the extinction in the V band, and RV is the total-to-selective
extinction ratio with respect to the V band. In order not to bias
our results, we decided not to fit parametric extinction curves to
the data (upper panel of Fig. 2), but rather calculated RV directly
from Eq. (4), that is, using the smoothed extinctions as a function
of time in the B and V bands.
Figure 3 shows AV and RV as a function of time. The shaded
areas represent the 1σ error range in the values of AV and RV ,
as obtained from the Monte Carlo resampling of the data. The
curves represent the peak values of the distribution. The AV value
increases monotonically with time up to a level of about 1 mag
at +150 days.
The mean value of RV appears to increase with time, al-
though within errors it is consistent with being in the range 4.5–
6.5 after +80 days and in the range 4.5–8 beyond +100 days;
RV ≈ 4.5 represents the maximum lower limit at +120 days
while RV ≈ 8 represents the minimum upper limit at +150 days.
This range is consistent with the value of RV ≈ 6.4 found by Gall
et al. (2014) for SN 2010jl.
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Fig. 3. Lower panel: AV (connected filled circles) increases monotoni-
cally, as expected in the case of dust formation. The shaded area repre-
sents the 1σ error region. Upper panel: RV as a function of time. The
value of RV = 6.4 found for SN 2010jl (Gall et al. 2014) is indicated as
a red horizontal line.
3. Discussion
The shallow extinction curves obtained here for SN 2005ip are
intriguing. The derived RV values are higher than the average
values for the ISM of the MW, SMC, or LMC, but are consistent
with MW RV values of some individual sight lines (Cardelli et al.
1989). Furthermore, the derived RV values for SN 2005ip are
similar to that of SN 2010jl (Gall et al. 2014), which is also a type
IIn SN with a dense CSM. Typically, a wavelength dependent
extinction curve reflects the dust grain composition and grain
size distribution – properties, which can be obtained by fitting
detailed dust models to the extinction curve. However, for SN
2005ip, we do not have sufficient information to perform such
fits. In what follows, we briefly discuss the possible origin of
such a shallow SN extinction curve, that is, a high RV .
In SN 2005ip, the early dust formation is believed to occur
in the dense CSM (Smith et al. 2009). The primary formation
site is the CDS, which is formed behind the forward shock prop-
agating through the CSM. The CDS environment1 has very dif-
1 We note that the CDS in other types of SNe, such as SNe IIP may
be less massive than for SNe IIn and hence less favorable for dust to
efficiently form and grow. For example, Meikle et al. (2011) find that in
the IIP SN 2004dj only ∼10−6 M of dust formed, with grain sizes of
∼0.2 µm in a CDS with a mass of ∼10−4 M.
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ferent physical and chemical properties than the SN ejecta for
which most dust formation models are developed (e.g., Gall et al.
2011; Sarangi & Cherchneff 2015; Mauney et al. 2015; Laz-
zati & Heger 2016). Such a formation site has been suggested
to facilitate the early dust formation in, for example, SN 2006jc
(Smith et al. 2008), SN 2010jl (Gall et al. 2014), or SN 2011ja
(Andrews et al. 2016). Very high densities can be reached in such
a CDS leading to efficient cooling of the material to temperatures
. 2000 K, which are suitable for dust to nucleate and possibly
grow to larger sizes through accretion.
Large dust grains: Large µm-sized grains can lead to shal-
low extinction curves (Maiolino et al. 2001; Nozawa & Fukugita
2013). Large dust grains have been claimed in the remnant of SN
1987A (Wesson et al. 2015; Bevan & Barlow 2016), although
these formed later than about three years after the explosion.
Larger dust grains, depending on the exposure of the dust grains
to sputtering and hard radiation (Slavin et al. 2004), are more
likely to survive throughout the SN remnant phase and thus en-
rich the ISM (Gall et al. 2014; Wesson et al. 2015; Owen & Bar-
low 2015).
Small, nonstandard dust grains: The wavelength dependence
of extinction curves is also determined by the wavelength depen-
dent emissivity of the relevant dust species. Typically, the emis-
sivity of carbonaceous and some silicate dust is highly wave-
length dependent for small grains in the optical wavelength
regime (Rouleau & Martin 1991; Bladh & Höfner 2012), yield-
ing nearly constant RV ≈ 2.4 for graphite, RV ≈ 3.8 for carbona-
ceous dust, and RV ≈ 4.5 for silicate dust with grains . 0.01 µm.
For grains of sizes between 0.01 and 0.1 µm, depending on the
species, RV can become as low as ∼ 1.0.
However, SiO2 exhibits very little to no wavelength depen-
dence in the optical wavelength regime for small grains (e.g.,
Bladh & Höfner 2012, and references therein). This may be an
attractive alternative to large carbonaceous grains because small
grains are easier to nucleate and grow, provided they are shielded
from UV radiation in an optically thick region (Kochanek 2014).
However, the absorption efficiency of SiO2 is about 4 orders of
magnitude less than that of carbonaceous dust (Bladh & Höfner
2012).
Clumpy medium: An alternative mechanism for producing
a shallow extinction curve may involve the semiopaque high-
density clumps found in the CSM of SN 2005ip (Smith et al.
2009). If the clumps in the medium were completely opaque,
the result would be a wavelength independent extinction curve,
which we do not observe. However, if the clumps were not com-
pletely opaque they could lead to the shallow extinction curves
we see. A similar effect was explored in the case of the clumpy
ejecta of SN 1987A (Ercolano et al. 2007).
4. Conclusions
SN 2005ip showed evidence of early dust formation in the
densely sampled multicolor optical light curves (Stritzinger et al.
2012). In this paper we have used these data to obtain the total-
to-selective extinction ratio, RV , of dust formed in SN 2005ip.
In doing so, we used a theoretical model for the light curves of
SNe interacting with their circumstellar material (Moriya et al.
2013) to model the intrinsic light curves and fit the early light
curves (i.e., prior to the cutoff around +50 days). We obtained
the extinction as a function of time in each band as the difference
between the observed light curve and the extrapolated model in-
trinsic light curve up to +150 days. From this we derived the
total-to-selective extinction RV .
We find that the obtained extinction curves are shallow; the
curves are described by values of 4.5 < RV < 8 from +100
days and onward, which is higher than typically found in the
ISM of galaxies such as the MW (RV ∼ 3.1). The high values
of RV are consistent with that derived for SN 2010j (RV ≈ 6.4),
where dust model fits to the extinction curves suggested large
grain formation (Gall et al. 2014).
The advantage of the large grain scenario is the increased sur-
vivability of the grains throughout the SN remnant phase. Unfor-
tunately, it is challenging to form µm-sized carbonaceous grains
on such short timescales. It may be easier to form smaller nm-
sized grains in high-density regions, although it is unclear if the
required species, whose emissivities exhibit little wavelength de-
pendence in the optical regime, are sufficiently abundant in the
CSM. Clumpy material in the CSM may contribute to flattening
the extinction curves.
We also demonstrated that taking the extinction of the dust
formed into account is essential to derive the intrinsic value of
α of the Moriya et al. (2013) model. The value we derive for
α appears to be wavelength dependent, but is consistent with
α ≈ −0.49, as would be expected for a standard ejecta density
ρejecta ∝ r−12 profile (Matzner & McKee 1999) and a steady wind
density structure, ρCSM ∝ r−2.3. This is in marked contrast to the
values around α ≈ −1 found by Moriya et al. (2013), who in-
cluded the parts of the light curves that are affected by significant
dust attenuation.
The method devised here to determine SN dust properties
from multicolor light curves may be used to obtain new insight
into SN dust formation processes from future high-quality SN
light curves, for example, from the Large Synoptic Survey Tele-
scope.
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